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tools:
m collisionless N-body simulations

solve equations of gravity for particles of
dark matter (& sometimes stars)

m hydrodynamic N-body simulations
solve equations of gravity and

hydrodynamics/thermodynamics for
particles of dark matter and gas

. i els (S S)
treat gravity and “gastrophysics” via
analytic approximations (bulk properties)




nalytic
Tree model

Monte Carlo realization
of halo merger history

track H, cooling,
formation, SN feedback,
chemical evolution...

at z<z...,, gas collapse

suppressed (Gnedin 2000,
Somerville 2002)

SF history convolved
with-stellar-population
models, dust absorption
& emission
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Somerville, Primack, & Faber (2001)
collisional starburst SAM




SEDs
from

stellar e
population S S A (N B t = 0.010 Gyr

— —— t = 0.100 Gyr

models i  __t= 1.000 Gyr

..... _t = 0.000 Gyr

Devriendt, Guiderdoni & Sadat 199




dust absorption and emission

optical depth of dust proportional
to column density of metals in disk

energy absorbed
= energy emitted

empirical template
emission spectra
(Devriendt & Guiderdoni)




free parameters

m star formation efficiency
m SN feedback efficiency |
m chemical yield y
m dust normalization 7%
m dust composition

m IMF

adjusted to fit a set of redshift zero observations
then left fixed B
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mass functions of cold
and baryo
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SDSS/2MASS
matched sample

Bell et al. 2003
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Bell et al. 2003
SDSS/2MASS

Gray points from various sources:
Dickinson et al. 2003 (HDF-N)
Rudnick et al. 2003 (FIRES) :
Glazelbrook et al. I2004 (GDDIS) )
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m all CDM-based
models, both
and the

does the IMF
depend on

redshift




Do massive galaxies at high
redshift pose a crisis for CD
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" z=0 luminosity density

2dF/SDSS

FOCA
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extragalactic background light
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Summary of SAM-MIP
comparis?n at z~0.7

optical U-V colors of real MIPS sources are all
over the place; SAM MIPS sources all have blue
optical U-V colors

SAMS predict too low 24 micron flux for a fixed

V mag or stellar mass; therefore IR counts too
low while optical counts match data

this is due to two problems: not enough high

mass, high SFR galaxies, AND fraction of light
absorbed by dust underpredicted for high SFR
(though agrees well w/ data at low SFR).




very high redsh




The SFR at
high z
depends on
the
primordial
power
spectrum —
we assume
no-tilt
ACDM
rather than
Running
Scale Index
(RSI)
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The real UDF

SAM mock catalog

(area of GOODS to
depth of UDF)
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- cumulative number density
" of galaxies with 1-z>1.3

Giavalisco et al.
. (GOODS)
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sOme Z>7 galaxies may ' et

be detected in the UDF - ... .. .. .0iims)

by NICMOS TR e e i
2>9.5
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cumulative
redshift
distribution
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Summary:

m If we are lu

cky, we may pick up a handful of z>7

m models predict and Spitzer data support: galaxies

galaxies with —IST/SpitEer or via tricks like lensing

at z—-6 are

relatively evolved creatures — they are

~not experiencing their first star fonatlon pisode!

m models predict large populations

z=7-20 wil

of galaxies at
be detected by JWST...but these

objects wil
than JWS”

be tiny...need higher spatial resolution

7?7




Predictions from Galax

Hydrodynamic Simulati

~ Interacting Galaxies

Collaborators: T J Cox &

P Jonsson




Ultra-Luminou
IR Galaxies
(ULIRGS) are

prodigious sta
forming (>100
Mg/yr) galaxie

Borne et al. (2000)




Merger Fraction Increases to z~1

Brinchmann & Ellis (2000) (g 0, 0)=(065, 035, 065)
studied galaxy morphology
In the Hubble Deep Field
(HDF) and found a distinct
rise in the number density
of pecutiar (read:
Interacting?) galaxies as a
function of redshift.

» Consistent with Patton et al. (2002)
measurement of the merger rate, as
measured by close pairs of galaxies,
in the CNOC2 survey.




Lyman Break Galaxies
(LBGs) show significant
signs of disturbed
(merger?) morphology

Lowenthal et al. (1997) oller et al.
2002)

Z3E3-3159

hdd 2030 (851

ckinson
#=3.160) L e 000)
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Cosmological Ser
Models (SAMSs)

Feeding parameterized _
starbursts into semi-analytic
models for galaxy formation
Somerville, Primack & Faber
(2001) found this model (as
opposed to models without

ni-Anal

The bursting
mode of star
formation

T dominates at
high redshift *

collisional starbursts) better fit
data for:

Co- moving number
density of galaxies at z>2

© " Quiescent star
formation dominates
at low redshift

Careful: this is redshift not time!




Our Wor

In order to investigate galaxy mergers (and interaction
build observationally motivated N-body realizations of
compound galaxies and simulate their merger using th
body code GADGET (Springel, Yoshida & \White 2000).
These simulations include:

= An improved version of smooth particle
hydrodynamics (SPH) with explicitly conserves

~energy and entropy. (Springel & Hernquist 2002).

m The radiative cooling of gas (H and He)

m Star formation: pgg ~ pyae/Tayn fOr (Pgas > Piresnol
m Metal Enrichment
m Stellar Feedback

* Our simulations contain > 100,000 particles per galaxy and the
resolution is typically ~100 pc




Designing Star Formation

Kennicutt (1998) determined that the surface density of star formation was very tightly
correlated with the surface density of gas over a remarkably wide range of gas densities
and in a wide variety of galactic states. We use this ‘law’ to calibrate our star formation (c,)
and feedback () parameters| by requiring an isolated disk to follow the Kennicutt law.

Kennicutt (1998) r ; _,./ ]
OBSERVATIONS ' \D Merger

| SIMULATIONS o

Isolated spiral /
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© Nuclear region of
same spirals

Previous work was
_normalized low |

Galaxies tend to fall off the law once
gas is depleted.




Initial C

__ Dark Matter Halo: NFW profile
defined by a mass (390% of the
total) and a concentration.

Raotating exponential disk

comprised of both stars and
gas (the fuel for future star
formation).

N Spheroidal bulge (in some models)




The SFR is roughly
constant, as IS
observed In most
“normal” spiral
galaxies — GOOD!

We can produce and simulate stable disk galaxies.




INEGES

(with dust) from
Monte Carlo
radiative transfer
code by

Patrik Jonsson




Images

(with dust) from
Monte Carlo
radiative transfer

code by
Patrik Jonsson
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Gas
Particles
color-
coded by
density

1820
log 10(density)




SFR ~ 2x(disk’s
quiescent rate)

1t encounter

Time (Gyr)

[

inal merger

Prograde
parabolic
orbit, initial
separation
250 kpc,
pericentric
distance 7
Kpc
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Generating Hot Gas in Simulations of Disk
Galaxy Interactions, by Cox, Primack, Jonsson,
& Somerville, ApJ, 607, L87 (2004).



















m Mergers induce star formation in a manner generally
consistent with both previous simulations of galaxy
mergers (Mihos & Hernquist, and Springel) and
observations of interacting galaxies.

m The merger between two identical disk galaxies appears

~ to be aviable mechanism to produce elliptical galaxies.

But, issues remain: steep stellar cores, detailed
kinematics, comparison to K+A galaxies and the

o more simulations (initial conditions, merger ratios,
non-mergers, multiple mergers) are being performed to

~— fully understand the merger process.




Predictions from Galaxy
Modeling:

Quantifying Galaxy Morphol
and ldentifying Merge%

see Lotz, Primack & Madau, AJ in press (astro-ph/0311352]




e by “eye” - Hubble tuning fork E-Sa-Sb-Sc-

e parametric
1-D profile fit ( r /4, exponential, Sersic )

2-D profile fit ( bulge+disk; GIM2D, GALFI

—> doesn’t work for irregular/merging galaxic

e non-parametric
“CAS” - concentration, asymmetry, clump
neural-net training
shaplet decomposition

Gini Coefficient (Abraham et al. 2003)
2"d order moment of brightest regions




the Gini Coefficient

used in economics to measure distribution of wealth in papulation
—> distribution of flux in galaxy’s pixels (Abraham et al. 2003)

for completely egalitarian society (uniform surf brightness)
for absolute monarchy (all flux in single pixel)
(G = 0.445 for US in 1999)




the Gini Coefficient

used in economics to measure distribution of wealth in papulation
—> distribution of flux in galaxy’s pixels (Abraham et al. 2003)

for completely egalitarian society (uniform surf brightness)
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(G = 0.445 for US in 1999)
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the Gini Coefficient

used in economics to measure distribution of wealth in papulation
—> distribution of flux in galaxy’s pixels (Abraham et al. 2003)

for completely egalitarian society (uniform surf brightness)
for absolute monarchy (all flux in single pixel)

(G = 0.445 for US in 1999)
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the Gini Coefficient

used in economics to measure distribution of wealth in papulation
—> distribution of flux in galaxy’s pixels (Abraham et al. 2003)

for completely egalitarian society (uniform surf brightness)
for absolute monarchy (all flux in single pixel)
(G = 0.445 for US in 1999)




the Gini Coefficient

used in economics to measure distribution of wealth in papulation
—> distribution of flux in galaxy’s pixels (Abraham et al. 2003)

for completely egalitarian society (uniform surf brightness)

for absolute monarchy (all flux in single pixel)

(G = 0.445 for US in 19
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+ M,, depend on which pixels/spatial regions
are assigned to galaxy

want this “map” to be insensitive to S/N,
surface brightness, and distance/redshift

=> pixels with p > u(r,) are assigned to galaxy

Petrosian radius r, based on curve of growth

Insensitive to S/N + surface brightness dimming




Local Galaxy G-M20 relation

~100 bright local Hubble types
| +

~50 local bright (u<14) galaxies

~100 HST WFPC2 z < 0.2 ULIR
F814W |




Local Galaxy G-M20 relation




Local Galaxy G-M20 relation

NGC 5322 E |

- G =063 My, =-2.65




Local Galaxy G-M20 relation




Local Galaxy G-M20 relation

L G =047 M, =-1.52




Local Galaxy G-M20 relation




Local Galaxy G-M20 relation




Local Galaxy G-M20 relation

=071 Mm _ 187




Local Galaxy G-M20 relation

| - tight sequence for “normal” galaxies
- most ULIRGs lie above this sequence
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Lyman break galaxy morphologies

- NICMOS HDFN z= 2-3 LBG sample (Dickinson et al)
F110W+F160W (—~3200-4500 AA rest-frame)

z=0

3
Q

G(B)
.
S

o
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~1 —2 ~1
M,, (B)

many z~2 galaxies have high G




Modeling Merger Morphologies

T.J. Cox’s simulations of colliding disks (gas, sta
+ P. Jonsson’s radiative transfer + pop. synthes

—> can predict merger morphologies + morph. e\

" o
orbital parameters,
Initial galaxy conditions (B/D, gas fractic

~ dustmodels

rs, DM)
1S code

solution




Modeling Merger Morphologies

T.J. Cox’s simulations of colliding disks (gas, stars, DM)
+ P. Jonsson’s radiative transfer + pop. synthesis code

- multi-wavelength images of simulations

—> can predict merger morphologies + morph. evolution

will test merger mass ratios,

-~ orbital parameters,

initial galaxy conditions (B/D, gas fractic
dust models
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© Gini (1) and M,y(t)
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Gini (t) and M, (1)
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© Gini (t) and M,y(t)
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neak In star formation

~ Gini (t) and M, (t)
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Gini (t) and My (t)
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Gini (t) and My (t)
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zooming in ... -
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second pass
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last star-burst ‘
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nuclel finally merge
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merger remnant/E?
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2. first pass

x1. initial spiral -




Summary

 normal galaxies follow well-defined (

e merger candidates (ULIR

e Initial merger simulations

Gs, LBGs) fall above

agree with

G-M,, 0b

uence

this relatior




Summary

» normal galaxies follow tight G-M,, s¢

e merger candidates (ULIR

e Initial merger simulations

Gs, LBGs) f

agree with

- Gini Coefficient + 2nd
are powerful yet simp

lots of work to do!

order Mome
le new tools

-~ to classify galaxy morphologies + id merge

quence

all above

G-M,, 0b

this relatior




Some of the waork In progre

Morphologies with

= morphologies of close/ir

» LIRGs/ ULIRGs atz ~ 1

= [Oll], colors v. G, M20

2SS NOW...

Keck D

1teracting p

—2

= evolution in “normal gal

axy” G' M20

EEP2 ¢

airs (w/ L

reln out t

= detailed comparison with models (= merger

Survey

. Lin)

D 2—~1

rates)




overall summar :whaique tions
do we need answered

= \What determines the efficiency of star formation in
guiescent galaxies? in interactions/bursts’

= What determines the amount of light absorbed and
re-radiated by dust in galaxies?

— = How much small scale power Is tJhEere? Can we

reconcile CDM'’s ‘small scale crises’ with
observational evidence for early star formation and

re-ionization?
= How Dbright are collision-induced starbursts at

—various wavelengths, and what is their morphology




